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One e f f o r t  w i t h i n  t h e  HOST Program has been t h e  development o f  an improved 
thermomechanical t e s t i n g  c a p a b i l i t y  a t  the  NASA Lewis Research Center. T h i s  
work i s  p a r t  o f  a long- term research  program aimed a t  deve lop ing  advanced 
v i s c o p l a s t i c  c o n s t i t u t i v e  models f o r  m a t e r i a l s  sub jec ted  t o  thermmechan ica l  
load ings  ( r e f s .  1, 2, and 3 ) .  As a r e s u l t  o f  t h i s  e f f o r t ,  two a d d i t i o n a l  
e l e c t r o h y d r a u l i c  t e s t  systems were r e c e n t l y  i n s t a l l e d  i n  the  Fa t igue  and 
S t ruc tu res  Labora to ry .  These systems inco rpo ra ted  a number o f  f ea tu res  
in tended t o  meet t h e  s p e c i a l  needs o f  h igh -p rec i s ion  deformat ion t e s t i n g .  
Experience had shown t h a t  such experiments r e q u i r e  optimum performance i n  t h e  
areas o f  s e r v o h y d r a u l i c  response, specimen a l ignment ,  and specimen hea t ing .  
The measures taken t o  assure such performance w i t h  t h e  l a t e s t  equipment a r e  
out1 i ned  i n  the  f i r s t  p a r t  o f  t he  paper. 
The f i r s t  s e r i e s  o f  exper iments conducted on these t e s t  systems was i n  suppor t  
o f  the  Space S t a t i o n  Solar Receiver  Program. By way o f  background, s o l a r  
r e c e i v e r s ,  used i n  con junc t i on  w i t h  compressors, t u r b i n e s  and generators ,  a r e  
in tended t o  p r o v i d e  a cont inuous source o f  e l e c t r i c a l  power up  t o  25 kW per 
u n i t  ( f i g .  1 ) .  One un ique f e a t u r e  o f  t h e  design shown i s  t h a t  i t  uses a phase 
change m a t e r i a l  (PCM) t o  s t o r e  s o l a r  energy. Simply s ta ted ,  t h e  a im i s  t o  use 
t h e  l a t e n t  h e a t  o f  s o l i d i f i c a t i o n  o f  t h e  PCM as a source o f  thermal  energy 
d u r i n g  per iods  o f  e c l i p s e .  The phase change m a t e r i a l  used i s  a L iF  - Ca F2 
e u t e c t i c  which i s  s t o r e d  i n  smal l  c a n i s t e r s  (1.78 i n .  0.d. x 1.0 i n .  l o n g )  
manufactured f rom Haynes 188 ( f i g .  2) .  A t o t a l  o f  96 c a n i s t e r s  a re  i n d i v i d u -  
a l l y  a t tached t o  each work ing  f l u i d  tube and t h e  r e c e i v e r  i s  1 i ned  w i t h  82 
such tubes. 
Dur ing  rev iew o f  t h e  s u b j e c t  design, ques t i ons  were r a i s e d  r e g a r d i n g  t h e  
v a l i d i t y  o f  bas ing  the  design o f  t h e  PCN containment c a n i s t e r s  on p u r e l y  e las-  
t i c  s t r e s s  ana lys i s .  Two foactors g i y i n g  r i s e  t o  t h i s  concern a re  t h e  h i g h  
o p e r a t i n g  temperatures, 694 C t o  834 C, and t h e  30-year s e r v i c e  l i f e .  The 
approach adopted i n  r e s o l v i n g  these  concern ing  was t o  determine t h e  s t r e s s  
l e v e l s  o r  " th resho lds "  a t  which creep deformat ions f i r s t  become s i g n i f i c a n t  i n  
Haynes 188 over t h e  temperature range o f  i n t e r e s t .  Th is  was t o  b e  accomplished 
i n  a s e r i e s  o f  shor t - term creep t e s t s  conducted under cons tan t  s t r e s s  and con- 
s t a n t  temperature. I n  se rv i ce ,  however, s o l a r  r e c e i v e r  components experience 
thermal cyc les  a t  1.5 hour i n t e r v a l s .  A second s e r i e s  o f  experiments was con- 
ducted, t h e r e f o r e ,  t o  e s t a b l i s h  whether t h e  th resho lds  determined under mono- 
t o n i c  c o n d i t i o n s  a l s o  a p p l y  i n  the  case o f  thermomechanical load ing .  The 
r e s u l t s  ob ta ined i n  t h e  two s e r i e s  o f  experiments a re  descr ibed i n  t h e  second 
p a r t  o f  the  paper. 
*Summer intern in the Case-NASA Cooperative Aerospace RdD Fellowship 
Program. Presently at Virginia Polytechnic Institute, Blacksburg, Virginia. 
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EXPERIMENTAL DETAILS 
An o v e r a l l  v iew o f  one o f  the closed-loop, e l e c t r o h y d r a u l i c  t e s t  systems i s  
shown i n  F i g u r e  3. The system f e a t u r e s  a two-post load  frame w i t h  *50 k i p  
capac i ty .  One p o i n t  o f  i n t e r e s t  i s  t h a t  t h e  l o a d  c e l l  i s  an i n t e g r a l  p a r t  o f  
t h e  loadframe crosshead. T h i s  he lps  i n  keep ing  t h e  l e n g t h  o f  t h e  l o a d  t r a i n  
t o  a minimum which i n  t u r n  h e l p s  i n  m a i n t a i n i n g  specimen s t a b i l i t y  under com- 
p r e s s i v e  load ing .  Another f e a t u r e  o f  t h e  l o a d  frame i s  t h a t  i t  i n c o r p o r a t e s  
h y d r a u l i c  bear ings  designed t o  impar t  h i g h  l a t e r a l  s t i f f n e s s  t o  t h e  l i n e a r  
ac tua tor .  S t i f f n e s s  o f  t h i s  t y p e  i s  v iewed as b e i n g  a f i r s t  requ i rement  i n  
a c h i e v i n g  p r e c i s e  specimen a1 ignment. With regards t o  servohydraul  i c  response, 
t h e  system incorpora tes  dual  10 gpm servovalves.  T h i s  p a r t i c u l a r  conh ina t ion  
was shown b y  t r i a l  t o  b e  capable o f  f o l l o w i n g  r a p i d  changes i n  programmed 
l o a d i n g  w i t h  h i g h  f i d e l i t y .  
Fur ther  d e t a i l s  o f  specimen g r i p p i n g  and specimen h e a t i n g  arrangements a r e  
shown i n  F i g u r e  4. Specimens are i n s t a l l e d  i n  water-cooled h y d r a u l i c  g r i p s  
which i n c o r p o r a t e  c o l l e t s  f o r  specimen g r i p p i n g  purposes. A v a r i e t y  o f  c o l l e t s  
i s  a v a i l a b l e  f o r  t e s t i n g  f l a t  p l a t e s ,  smooth shank cy1 i n d r i c a l  specimens, and 
threaded-end cy1 i n d r i c a l  specimens. Checkout exper iments conducted u s i n g  a 
nunber o f  s t r a i n  gaged specimens c l e a r l y  demonstrated t h e  s u p e r i o r i t y  o f  t h e  
smooth shank design i n  ach iev ing  minimum specimen bending. The r e s u l t s  o f  
checkout exper iments ob ta ined u s i n g  such a specimen a r e  shown f o r  i l l u s t r a t i o n  
purposes i n  T a b l e  1. Here, i t  can be seen t h a t  c a r e f u l  g r i p  a l ignment  and use 
o f  smooth shank specimens r e s u l t e d  i n  specimen bending s t r a i n s  as l o w  as + l o p € .  
n o t e  t h a t  i n  o b t a i n i n g  t h e s e  r e s u l t s ,  t h e  s t r a i n  gages were zeroed ' f jefore 
specimen i n s t a l l a t i o n  and no f u r t h e r  adjustments were made d u r i n g  t h e  e x p e r i -  
ments. One i n t e r e s t i n g  f e a t u r e  o f  t h e s e  r e s u l t s  i s  t h a t  t h e  i n s t a l l a t i o n  
bending s t r a i n s  a r e  n o t  changed s i g n i f i c a n t l y  b y  l o a d i n g  i n  e i t h e r  the t e n s i l e  
or t h e  compressive senses. Fur ther ,  t h e  l o a d i n g  system can be seen t o  e x h i b i t  
minimum h y s t e r e s i s  when the d i r e c t i o n  o f  l o a d i n g  i s  reversed.  
Specimen h e a t i n g  i s  accomplished u s i n g  5 kW r a d i o  f requency (RF) i n d u c t i o n  
heaters .  One advantage o f  t h i s  approach i s  t h a t  i t  a l l o w s  r e a d y  access t o  t h e  
specimen's sur face .  As i n d i c a t e d  i n  F i g u r e  4, t h i s  a l lows commerc ia l ly  a v a i l -  
ab le  extensometers t o  be used f o r  s t r a i n  measurement w i t h  minimum compl icat ion.  
Fur ther ,  RF h e a t i n g  can be used t o  advantage i n  thermomechanical t e s t s  because 
o f  t h e  l o c a l i z e d  n a t u r e  o f  specimen heat ing .  T h i s  means t h a t  f a i r l y  r a p i d  
thermal c y c l i n g  can be achieved, again w i t h  minimum compl ica t ion .  A major  
disadvantage o f  t h i s  h e a t i n g  method i s  t h a t  specimen temperature p r o f i l e s  a r e  
e x t r e m e l y  s e n s i t i v e  t o  h e a t e r  l o a d  c o i l  design. Thus, c o n s i d e r a b l e  t i m e  can 
be spent  w i t h  convent ional  c o i l  designs i n  o b t a i n i n g  temperature p r o f i l e s  
meet ing ASTM requi rements.  This  problem has been e l i m i n a t e d  t o  a l a r g e  extend 
b y  develop ing f i x t u r i n g  which a l lows l o a d  c o i l s  t o  b e  s p l i t  i n t o  s e c t i o n s  
( f i g .  4 ) .  Fur ther ,  t h e  f i x t u r i n g  a l lows i n d i v i d u a l  s e c t i o n s  t o  b e  a d j u s t e d  i n  
a s t r a i g h t f o r w a r d  and sys temat ic  manner i n  b o t h  t h e  v e r t i c a l  and t h e  r a d i a l  
senses. Recent exper ience has shown t h a t  t h i s  approach r e s u l t s  i n  consider-  
able t i m e  s a v i n g  i n  o b t a i n i n g  optimum l o a d  c o i l  c o n f i g u r a t i o n s .  Typ ica l  tem- 
p e r a t u r e  p r o f i l e s  a r e  shown i n  Tab le  (2 )  f o r  t h e  experiments descr ibed i n  
d e t a i l  l a t e r  i n  the  paper. I n s p e c t i o n  o f  these da ta  shows t h a t  the ASTM 
requi rement  o f  b e i n g  w i t h i n  *1 percent  o f  t h e  mean temperature was m e t  i n  a l l  
cases. I t i s  re-emphasized t h a t  these r e s u l t s  were ob ta ined w i t h  minimum 
e f f o r t  once t h e  b a s i c  c o i l  c o n f i g u r a t i o n  had been decided. 
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D e t a i l s  o f  the th in -wa l l ed  t u b u l a r  specimen used i n  the i n v e s t i g a t i o n  are given 
i n  F igure  ( 5 ) .  The l e n g t h  o f  the p a r a l l e l  gage s e c t i o n  i s  1.375 inches, t h e  
0.d. i s  0.450 inch, and t h e  w a l l  th ickness  i s  0.060 inch. One l e s s  than 
d e s i r a b l e  f e a t u r e  o f  the design i s  t h a t  i t  u t i l i z e s  threaded ends. As i n d i -  
ca ted  e a r l i e r ,  t h i s  compromises t h e  e x c e l l e n t  a1 ignment p o s s i b l e  w i t h  smooth 
shank designs. To i l l u s t r a t e ,  checkout exper iments had shown t h a t  t h e  use o f  
threads can in t roduce  i n s t a l l a t i o n  bending s t r a i n s  as h i g h  as *300,,~ i n t o  a 
p r e c i s e l y  a l i g n e d  l o a d i n g  system. Unfor tunate ly ,  t h e  l i m i t e d  t ime  a v a i l  ab le  
f o r  t h i s  program meant t h a t  e x i s t i n g  specimens had t o  b e  used and t h i s  i n  t u r n  
l e d  t o  t h e  use o f  t h e  specimen design shown i n  F i g u r e  5 .  
The m a t e r i a l  under i n v e s t i g a t i o n ,  Haynes 188, i s  a cobalt-based s t r u c t u r a l  
a l l o y .  Two c h a r a c t e r i s t i c s  o f  t he  a l l o y  impor tan t  i n  the p resen t  a p p l i c a t i o n  
a r e  good co r ros ion  r e s i s t a n c e  and good high-temperature s t r e n g t h .  The former 
p r o p e r t y  i s  ob ta ined  b y  i n c l u d i n g  lanthanum i n  the  a l l o y  system which forms a 
p r o t e c t i v e  o x i  de sca le .  High temperature s t r e n g t h  i s  ob ta ined  b y  i n c l  ud ing  
tungsten which prov ides  s o l i d  s o l u t i o n  s t rengthen ing .  A d d i t i o n a l  s t r e n g t h e n i n g  
i s  p rov ided  b y  carbon which p r e c i p i t a t e s  i n  t h e  fo rm o f  M6C and b 3 c 6  
carbides. The chemical composi t ion s p e c i f i e d  f o r  t h e  a l l o y  i s  compared i n  
Table (3)  t o  t h e  r e s u l t s  o f  a n a l y s i s  performed a t  NASA Lewis on t h e  t e s t  
m a t e r i a l .  The two most obvious dev ia t i ons  are t h a t  t he  percentage b y  we igh t  
o f  bo th  tungsten and phosphorous f a l l  above t h e  s p e c i f i e d  range. Although 
these d e v i a t i o n s  might prove impor tan t  i n  long-term s e r v i c e ,  t h e y  a re  n o t  
judged t o  b e  1 i m i t i n g  i n  t h e  present  s tudy .  
EXPERIMENTAL APPROACH 
As no ted  e a r l i e r ,  t h e  f i r s t  o b j e c t i v e  o f  t h i s  work was t o  determine t h e  s t r e s s  
l e v e l s  o r  " th resho lds "  a t  which creep de format ion  becomes s i g n i f i c a n t  d u r i n g  
t h e  1.5 hour h o l d  per iods  t y p i c a l  o f  s o l a r  r e c e i v e d  s e r v i c e .  As i n d i c a t e d  i n  
F i g u r e  6, t h e  approach adopted was t o  s u b j e c t  specimens t o  a s e r i e s  o f  shor t -  
t e r m  creep t e s t s  conducted under cons tan t  s t r e s s  and cons tan t  temperature.  
The three temperatures se lec ted  f o r  t h i s  s tage o f  the program were 649, 760, 
and 871°C. The i n t e n t  was t o  s t a r t  a t  a l o w  v a l u e  o f  s t r e s s  and t o  inc rease 
s t r e s s  i n  a s tepwise  manner u n t i l  some t a r g e t  va lue  o f  creep s t r a i n  was 
exceeded. S e l e c t i o n  o f  t h i s  t a r g e t  v a l u e  was n o t  s t r a i g h t f o r w a r d  and i n v o l v e d  
a degree o f  judgment. I d e a l l y ,  t h e  va lue  should be  as smal l  as poss ib le  t o  
a v o i d  changing t h e  s t a t e  o f  t h e  m a t e r i a l  s i g n i f i c a n t l y  d u r i n g  t h e  course o f  
t he  experiment. I n  p r a c t i c e ,  a combination o f  h i g h  and l o w  f requency n o i s e  on 
t h e  s t r a i n  s i g n a l s  meant t h a t  a r e l a t i v e l y  l a r g e  v a l u e  o f  c reep  s t r a i n ,  - 50 
p c ,  was needed t o  avo id  m i s i n t e r p r e t a t i o n  o f  the data. The h i g h  frequency 
no ise ,  caused f o r  t h e  most p a r t  by t h e  RF h e a t i n g  system, had a peak-to-peak 
va lue  o f  about *5 rnV (* 10 p ~ ) .  The l o w  f requency no ise ,  r e s u l t i n g  from c y c l i c  
v a r i a t i o n  o f  t h e  l a b o r a t o r y  environment, had a peak-to-peak v a l u e  o f  about *10 
mV (*ZO F I E ) .  id i th  these values i n  mind, a t a r g e t  v a l u e  o f  - 50 FIE appeared t o  
b e  a reasonable compromise. 
Because o f  t h e  u n c e r t a i n t i e s  no ted  above, two  experiments were judged t o  b e  
necessary t o  e s t a b l i s h  th resho lds  a t  a p a r t i c u l a r  temperature. The f i r s t  was 
viewed as b e i n g  e x p l o r a t o r y  and t h e  second as b e i n g  an at tempt t o  determine a 
more p r e c i s e  value. I t  should b e  noted t h a t  a f r e s h  specimen was used i n  each 
exper iment.  Adopt ing  t h i s  approach, t h e  specimen used i n  t h e  second exper iment 
had n o t  exper ienced p r i o r  i n e l  a s t i c  s t r a i n i n g .  S ta ted  d i f f e r e n t l y ,  the f i n a l  
t h r e s h o l d  de te rm ina t ion  was made on m a t e r i a l  i n  t h e  o r i g i n a l  s o l u t i o n  annealed 
c o n d i t i o n .  The i n i t i a l  s t r e s s  values and s t r e s s  increments used i n  these 
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experiments a re  summarized i n  Table ( 4 ) .  As i nd i ca ted ,  r e l a t i v e l y  l a r g e  s t r e s s  
increments were used i n  the  f i r s t  exper iment  t o  e s t a b l i s h  t h e  approx imate 
l o c a t i o n  o f  the t h r e s h o l d  w i t h  a minimum o f  l o a d i n g  steps. These exper iments 
showed t h a t  the th resho lds  f a l l  w i t h i n  the  f o l l o w i n g  s t r e s s  ranges:  30 t o  35 
k s i  a t  649OC, 5 t o  11 k s i  a t  76OoC, and 2 t o  4 k s i  a t  871°C. I n  l i g h t  o f  t h i s  
i n fo rma t ion ,  more r e a l  i s t i c  i n i t i a l  s t resses  cou ld  b e  se lec ted  f o r  t h e  second 
exper iment .  This i n  t u r n  meant t h a t  t h a t  s t r e s s  increments cou ld  b e  k e p t  as 
smal l  as poss ib le .  As i n d i c a t e d  i n  Table ( 4 ) ,  a va lue  o f  1 k s i  was used i n  
f i n a l  t h r e s h o l d  de te rm ina t ions  a t  a1 1 t h r e e  temperatures. 
Se lec t i on  o f  the t e s t  va lues f o r  the thermomechanical experiments was more 
s t r a i g h t f o r w a r d .  This  was because t h e  r e s u l t s  o f  thermal  ana lys i s  and e l a s t i c  
s t r e s s  ana lys i s  were a v a i l a b l e  t o  h e l p  guide t h i s  process. Wi th  r e g a r d  t o  
temperature va lues ,  a n a l y s i s  had shown t h a t  t h e  peak so la r  f l u x  occu rs  a t  an 
a x i a l  l o c a t i o n  about 3 f e e t  from t h e  aper tu re  p l a t e  ( f i g .  1). A thermal  h i s -  
t o r y  f o r  a c a n i s t e r  a t  t h i s  l o c a t i o n  i s  shown i n  i d e a l  i z e d  fo rm i n  F i g u r e  7.  
On coming o u t  o f  e c l i p s e ,  t i m e  zero i n  the  f i g u r e ,  t h e  PCM i s  i n  s o l i d  form 
and t h e  c a n i s t e r  temperature i s  649OC a t  t h e  l o c a t i o n  se lec ted  f o r  d e t a i l e d  
ana lys is .  Dur ing  the  f i r s t  10 minutes, temperature increases t o  a v a l u e  o f  
778OC a t  which p o i n t  t h e  PCM s t a r t s  t o  l i q u i f y .  The peak temperature o f  t h e  
cyc le ,  834"C, i s  reached a f t e r  about 52 minutes, a t  which t i m e  t h e  space s t a -  
t i o n  goes i n t o  e c l i p s e .  Subsequently, t h e  c a n i s t e r  temperature drops q u i t e  
r a p i d l y  t o  a v a l u e  o f  about 778OC h e n  t h e  PCM s t a r t s  t o  s o l i d i f y .  Tempera- 
t u r e  then remains cons tan t  u n t i l  t h e  s o l i d i f i c a t i o n  process i s  completed a t  
about 80 minutes i n t o  the  cyc le .  Dur ing  t h e  ba lance o f  the  cyc le ,  h e a t  i s  
r e j e c t e d  f rom t h e  r e c e i v e r  w i t h  t h e  PCM i n  so l  i d  form. A f t e r  about 90 minutes,  
t h e  space s t a t i o n  comes o u t  o f  e c l i p s e  and the  c y c l e  i s  repeated. The c o h i -  
n a t i o n s  o f  tempera ture  and t i m e  used i n  s i m u l a t i n g  t h i s  c y c l e  under computer 
c o n t r o l  a r e  summarized i n  Table ( 5 ) .  As i n d i c a t e d  i n  the  t a b l e ,  a s i n g l e  tem- 
p e r a t u r e  h i s t o r y  was used throughout .  
As no ted  e a r l i e r ,  an e l a s t i c  s t r e s s  ana lys i s  had been performed u s i n g  t h e  MARC 
f i n i t e  element code. The a im o f  t h i s  a n a l y s i s  had been t o  determine the  maxi- 
mum va lues  o f  s t r e s s  and s t r a i n  i n t roduced  i n t o  c a n i s t e r s  b y  t h e  thermal c y c l e  
descr ibed above. The s t resses  determined i n  t h i s  ana lys i s  a r e  l i s t e d  i n  Table 
( 5 )  under t h e  heading, Tes t  1. As i m p l i e d  b y  t h i s  des igna t ion ,  t h e  f i r s t  t e s t  
was an a t tempt  t o  s i m u l a t e  s e r v i c e  cond i t i ons  as p r e d i c t e d  b y  p r e l i m i n a r y  
ana lys i s .  It can be  seen t h a t  t h e  maximum and minimum s t resses  p r e d i c t e d  f o r  
s e r v i c e  a r e  7.21 k s i  and 3.22 k s i  and t h a t  the  mean s t r e s s  i s  about 5.16 k s i .  
Because o f  concerns r e g a r d i n g  e l e c t r i c a l  no ise ,  i t  was dec ided t o  conduct two 
a d d i t i o n a l  experiments a t  somewhat h ighe r  s t resses .  Th is  was accornpl i shed b y  
s i m p l y  conduct ing  t h e  a d d i t i o n a l  t e s t s  a t  h ighe r  values o f  mean s t r e s s .  As 
i n d i c a t e d  i n  Table ( 5 ) ,  the  mean s t resses  f o r  Tests  2 and 3 were 6.17 k s i  and 
10.16 k s i .  I n  summary, t h e  approach adopted i n  conduct ing  thermomechanical 
t e s t s  was t o  use computer c o n t r o l  t o  s u b j e c t  specimens t o  predetermined tem- 
p e r a t u r e  cyc les  and s t r e s s  cyc les .  It was a n t i c i p a t e d  a t  any  i n e l a s t i c  de fo r -  
mation o c c u r r i n g  i n  the m a t e r i a l  would be de tec ted  b y  the  mechanical extenso- 
meter used t o  mon i to r  s t r a i n .  This p a r t i c u l a r  mode o f  c o n t r o l  was adopted f o r  
reason o f  exper imenta l  convenience. 
EXPERIMENTAL RESULTS 
The data ob ta ined i n  the t h r e s h o l d  experiments conducted a t  871'C a re  shown 
f o r  i l l u s t r a t i o n  purposes i n  F igures  8 and 9. Data was acqu i red  i n  these 
experiments u s i n g  s t r i p  c h a r t  reco rde rs .  This was t h e  p r e f e r r e d  method s ince  
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reco rd ings  made i n  t h i s  manner p rov ided  a c l e a r  i n d i c a t i o n  o f  bo th  t h e  h i g h  
f requency and t h e  l o w  frequency noise.  Average curves were f i t t e d  b y  hand t o  
e s t a b l i s h  t h e  amount o f  creep s t r a i n ,  E ~ ,  accumulated d u r i n g  t h e  1.5 hour  
h o l d  per iods.  An assessment was then made r e g a r d i n g  t h e  s t r e s s  l e v e l  g i v i n g  
t h e  t a r g e t  v a l u e  o f  c reep s t r a i n .  Creep th resho lds  determined i n  t h i s  manner 
a re  summarized i n  Table ( 6 )  f o r  the th ree  temperatures i n v e s t i g a t e d .  
I 
S t r i p  c h a r t  reco rds  were a l s o  used i n  t h e  thermmechan ica l  experiments because 
o f  n o i s e  cons ide ra t i ons .  I n  these experiments, reco rd ings  were made o f  tem- 
p e r a t u r e  versus t i m e ,  s t r e s s  versus t i m e ,  and t o t a l  s t r a i n  versus t i m e .  Tem- 
p e r a t u r e  and s t r e s s  were monitored t o  check how c l o s e l y  the  programmed wave- 
forms w e r e ' b e i n g  fo l l owed .  As no c o n t r o l  problems were encountered i n  these 
exper iments,  t h e  reco rd ings  were near - i  den t i  ca l  t o  those programmed. 
The da ta  o f  p r imary  i n t e r e s t  i n  these experiments were t h e  r e c o r d i n g s  o f  t o t a l  
s t r a i n  versus t i m e .  To a i d  t h e  r e d u c t i o n  process, these reco rd ings  were 
d i g i t i z e d  ana a l l  subsequent r e d u c t i o n  performed u s i n g  a personal computer. A 
p l o t  o f  t o t a l  s t r a i n  versus t ime  regenera ted  us ing  the  computer i s  shown i n  
F i g u r e  10. As i n d i c a t e d ,  t h e  d i g i t i z e d  data rep resen ts  average behav io r  f o r  
t he  major p a r t  o f  the  cyc le .  An a t tempt  was made, however, t o  r e p r e s e n t  t h e  
raw data  as c l o s e l y  as p o s s i b l e  f o r  t imes r a n g i n g  f rom 10.5 minutes t o  51.5 
minutes. Th is  was because a lmost  a l l  the  i n e l a s t i c  s t r a i n i n g  had been found 
t o  occur d u r i n g  t h i s  p o r t i o n  o f  t h e  cyc le .  
Raw data  were a l s o  reco rded  d u r i n g  the therrnomechanical t e s t s  on x-y p l o t t e r s .  
F o l l w i n g  normal p r a c t i c e ,  s t r e s s  was reco rded  as o r d i n a t e  and t o t a l  s t r a i n  as 
abscissa. S t r e s s - s t r a i n  h y s t e r e s i s  loops  determined i n  t h i s  manner a re  shown 
i n  F igures 11 and 1 2  fo r  cyc les  1 and 5 o f  t h e  thermmechan ica l  t e s t  w i t h  a 
mean s t r e s s  o f  10.16 k s i .  O r i g i n a l l y ,  data i n  t h i s  fo rm were intended t o  f u l -  
f i l l  a backup r o l e .  I n  t h e  event, h y s t e r e s i s  loops o f  t h i s  type were found t o  
be  use fu l  i n  e s t a b l i s h i n g  average s lopes  r e l a t i n g  s t r e s s  and t o t a l  s t r a i n  for  
p o r t i o n s  o f  t h e  c y c l e  i n v o l v i n g  p u r e l y  e l a s t i c  response. These va lues were 
used t o  check the  accuracy  o f  computer generated data. 
One fea tu re  o f  t h e  data descr ibed thus f a r  i s  t h a t  t h e  t o t a l  s t r a i n  inc ludes  a 
component r e s u l t i n g  from thermal expansion o f  t h e  specimen. An exper imenta l  
approach was used t o  e s t a b l i s h  t h i s  apparent s t r a i n .  P r i o r  t o  thermmechan ica l  
t e s t i n g ,  specimens were sub jec ted  t o  thermal cyc les  w i t h  t h e  s t r e s s  h e l d  a t  
zero .  The o u t p u t  o f  t h e  extensometer i n  these experiments p rov ided a d i r e c t  
measure o f  t h e  apparent  s t r a i n .  It was then assumed t h a t  t h i s  apparent  s t r a i n  
versus t i m e  h i s t o r y  a l s o  a p p l i e d  under thermmechanical  l o a d i n g  c o n d i t i o n s .  
Adopt ing t h i s  approach, i t  was poss ib le  t o  s u b t r a c t  t h e  apparent  s t r a i n  from 
t h e  t o t a l  s t r a i n  d u r i n g  a c y c l e  and t o  determine t h e  corresponding va lues of 
mechanical s t r a i n .  P l o t s  o f  s t r e s s  versus mechanical s t r a i n  could then be 
determine, as i l l u s t r a t e d  i n  F igures 13 and 14. It shou ld  b e  n o t e d  t h a t  
de te rm ina t ion  o f  data i n  t h i s  fo rm was n o t  s t r a i g h t f o r w a r d  because the  mech- 
a n i c a l  component o f  s t r a i n  f r e q u e n t l y  was smal l  compared t o  t h e  apparent  com- 
ponent. T h i s  meant t h a t  any e r r o r s  i n  t h e  exper imenta l  de termina t ion  of 
apparent  s t r a i n  caused l a r g e  e r r o r s  i n  t h e  computed va lues o f  mechanical 
s t r a i n .  
The data r e d u c t i o n  process was c a r r i e d  one s tage f u r t h e r  b y  c a l c u l a t i n g  t h e  
t ime dependent s t r a i n s .  As no ted  e a r l i e r ,  e s s e n t i a l l y  a l l  i n e l a s t i c  s t r a i n -  
i n g  occur red  d u r i n g  the  p o r t i o n  o f  cyc les  corresponding t o  t ime  r a n g i n g  f rom 
10.5 minutes t o  51.5 minutes. The t i m e  dependent component o f  s t r a i n  was 
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obtained f o r  t h i s  p o r t i o n  o f  l o a d i n g  b y  s u b t r a c t i n g  the  e l a s t i c  components 
from the mechanical component. The values o f  Young modulus used i n  these c a l -  
c u l a t i o n s  were obtained from the i n i t i a l  l o a d i n g  s tage  o f  the t h r e s h o l d  exper-  
iments. Creep curves determined i n  t h i s  manner are shown i n  F i g u r e  15 and 
16 .  Note t h a t  t i m e  z e r o  i n  these p l o t s  corresponds t o  10.5 minutes i n t o  t h e  
thermmechani ca l  c y c l e .  
DISCUSS I O N  
Cons idera t ion  i s  given f i r s t  t o  the  performance o f  t he  e l e c t r c h y d r a u l i c  t e s t  
system used i n  t h i s  i n v e s t i g a t i o n .  As no ted  e a r l i e r ,  t h e  t h r e e  areas o f  par- 
t i c u l a r  i n t e r e s t  a re  s e r v o h y d r a u l i c  response, specimen al ignment,  and specimen 
hea t ing .  The r e s u l t s  shown i n  Tables (1) and (2) c l e a r l y  i n d i c a t e d  t h a t  v e r y  
p r e c i s e  specimen al ignment and temperature p r o f i l e s  are a t t a i n a b l e  w i t h  the 
sub jec t  t e s t  system. Whether or n o t  improved s e r v o h y d r a u l i c  response i s  poss- 
i b l e  w i t h  these systems remains t o  be demonstrated. Hwever ,  t he  e l e c t r i c a l  
n o i s e  problems a r i s i n g  i n  t h e  t h r e s h o l d  experiments i n d i c a t e d  t h a t  f u r t h e r  
improvements a re  necessary i n  the  area o f  specimen heat ing .  The p o s s i b i l i t y  
o f  u s i n g  s o l i d  s t a t e  RF genera tors  which generate minimum n o i s e  p r e s e n t l y  i s  
be i n  g inves ti gated . 
The r e s u l  t s  s h w n  i n  F i  gures 8 and 9 were taken t o  i n d i  cate t h a t  creep th res -  
ho lds  can be determined u s i n g  the l a t e s t  e l e c t r o h y d r a u l i c  t e s t  equipment, pro- 
vided  t es t  d u r a t i o n s  a r e  r e l a t i v e l y  s h o r t  and r e l a t i v e l y  1 arge a c c u m l a t i o n s  
of creep s t r a i n  are used i n  d e f i n i n g  the th resho ld .  S i g n i f i c a n t  improvements 
i n  specimen h e a t i n g  and i n  t h e  c o n t r o l  o f  l a b o r a t o r y  environment a r e  necessary 
if these c o n d i t i o n s  are t o  be  re laxed .  Another concern i n  these th resho ld  
de te rm ina t ions  i s  t h a t  t h e  p r a c t i c e  o f  conduc t ing  a s e r i e s  o f  l oad ings  on a 
s i n g l e  specimen i s  open t o  ques t ion .  The concern here  i s  t h a t  these load ings  
can a l t e r  t h e  s t a t e  o f  t h e  m a t e r i a l .  Evidence o f  t h i s  can be  seen i n  F i g u r e  9 
where the t e s t  conducted a t  5.13 k s i  r e s u l t e d  i n  74 FIE o f  creep s t r a i n  b e i n g  
accumulated d u r i n g  t h e  1.5 hour h o l d  pe r iod .  It appears l i k e l y  t h a t  t h i s  
r e l a t i v e l y  low v a l u e  r e s u l t e d  from the m a t e r i a l  be ing  "hardened" as a r e s u l t  
o f  t h e  two p r i o r  load ings .  The obvious s o l u t i o n  t o  t h e  problem i s  t o  use  a 
nunber of  f r e s h  specimens i n  i d e n t i f y i n g  the th resho ld  cond i t i on .  H w e v e r ,  
such an approach m i g h t  p rove  t ime consuming, p a r t i c u l a r l y  i f  t h e  data e x h i b i t  
s i gn i f i can t s c a t  t e r  . 
As shown i n  Tab le  (6), t h e  t h r e s h o l d  experiments shaved t h e  expected r e s u l t  
t h a t  e a r l y  creep response i s  h i g h l y  temperature dependent. It can b e  seen 
t h a t  a t  649"C, s t r e s s  l e v e l s  must exceed 30 k s i  b e f o r e  creep s t r a i n s  become 
s i g n i f i c a n t  d u r i n g  t h e  1.5 hour h o l d  per iods.  A t  temperatures o f  760°C and 
871"C, t h e  cor respond ing  values o f  s t r e s s  are 11 k s i  and 4 k s i ,  r e s p e c t i v e l y .  
One impor tan t  p o i n t  t o  be  no ted  about t h i s  r e s u l t  i s  t h a t  i t  would n o t  have 
been p r e d i c t e d  b y  i n s p e c t i o n  o f  handbook data.  This i s  because m a t e r i a l  hand- 
books p rov ide  l i t t l e  o r  no i n f o r m a t i o n  r e g a r d i n g  the  e a r l y  stages o f  creep. 
I t f o l l o w s  t h a t  p r o b l e m  can a r i s e  i f  d e c i s i o n s  r e g a r d i n g  t h e  need f o r  i ne las -  
t i c  analys is  a re  based on casual i nspec t i on  o f  handbook data. The present  s tudy  
c l e a r l y  i n d i c a t e d  t h a t  some fo rm o f  i n e l a s t i c  a n a l y s i s  i s  necessary f o r  com- 
ponents o p e r a t i n g  a t  temperatures as h i g h  as 871°C i f  s t r e s s  l e v e l s  are 
expected t o  exceed 4 k s i .  
Turning t o  t h e  r e s u l t s  o f  t h e  thermomechanical experiments, n o  d i f f i c u l t i e s  
were exper ienced i n  s i m u l a t i n g  t h e  a n t i c i p a t e d  s e r v i c e  h i s t o r y  o f  t h e  s o l a r  
r e c e i v e r  c a n i s t e r s .  Problems d i d  a r i s e ,  however, i n  i n t e r p r e t i n g  t h e  data 
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generated a t  t h e  lower s t r e s s  l e v e l s  because o f  the  e l e c t r i c a l  n o i s e  problems 
discussed e a r l i e r .  For t h i s  reason, a t t e n t i o n  w i l l  be d i r e c t e d  f i r s t  a t  the 
r e s u l t s  obtained f o r  the c y c l e  i n v o l v i n g  a 10.16 mean s t ress .  The most obvious 
f e a t u r e  o f  the data shown i n  F igure 13 i s  t h a t  i t  e x h i b i t s  creep r a t c h e t t i n g .  
That i s  creep s t r a i n s  a re  accurmlated on a cyc le-by-cyc le bas i s  r e s u l t i n g  i n  
l a r g e  o v e r a l l  accumulations o f  s t r a i n  i n  r e l a t i v e l y  few cycles.  For the data 
shown i n  F i g u r e  13, almost 0.1 percent s t r a i n  was accumulated i n  f i v e  cyc les.  
C l e a r l y ,  r a t c h e t t i n g  o f  t h i s  t y p e  should be given se r ious  considerat ion i n  
design a p p l i c a t i o n s  i n v o l v i n g  s e r v i c e  l i v e s  o f  t h e  order  o f  30 years.  
Another f e a t u r e  o f  the  data shown i n  F igu re  13 i s  t n a t  t h e  amount o f  creep 
s t r a i n  accurmlated per c y c l e  decreases as t h e  n u h e r  o f  cyc les  i s  increased. 
On Cycle ( l ) ,  f o r  example, the  accumulated creep s t r a i n  i s  - 100 1 . 1 ~ .  One 
i n t e r p r e t a t i o n  o f  t h i s  r e s u l t  i s  t h a t  t h e  ma te r ia l  i s  hardening and m i g h t  shake 
down t o  p u r e l y  e l a s t i c  response given a s u f f i c i e n t  number o f  cycles.  It should 
b e  noted, however, t h a t  shutdown and subsequent s t a r t u p  o f  t h e  s o l a r  r e c e i v e d  
cou ld  r e  i n i  t i a t e  t h e  r a t c h e t t i n g  process. 
S im i la r  r a t c h e t t i n g  behavior can be observed i n  t h e  data shown i n  F igu re  14 
f o r  a mean s t r e s s  6.17 k s i .  I n  t h i s  case, the creep s t r a i n  accumulated d u r i n g  
c y c l e  (1) was about 100 V C .  On subsequent cyc les,  t h e  creep o c c u r r i n g  per 
c y c l e  was - 50 1 . 1 ~  o r  l e s s  and the data e x h i b i t e d  considerable s c a t t e r .  The 
reason f o r  t h e  s c a t t e r  i s  t h e  e l e c t r i c a l  n o i s e  which compl i c a t e d  i n t e r p r e t a t i o n  
o f  t h e  6.17 k s i  mean s t r e s s  data. As might  be expected, t he  s i t u a t i o n  was 
even worse f o r  t h e  5.16 k s i  mean s t ress  data, t h e  n o i s e  p reven t ing  meaningful  
analys is  o f  the  data. 
F i n a l l y ,  a t t e n t i o n  i s  d i r e c t e d  a t  t h e  creep curves shown i n  f i g u r e s  15  and 
16. The somewhat unusual form o f  these curves i s  due, o f  course, t o  the f a c t  
t h a t  bo th  temperature and s t r e s s  are  v a r y i n g  d u r i n g  t h e  t e s t .  It was found 
t h a t  the curves cou ld  be f i t t e d  q u i t e  c l o s e l y  us ing second order polynomials.  
No phys i ca l  s i g n i f i c a n c e  i s  at tached t o  t h i s  r e s u l t ,  t h e  expressions b e i n g  
repo r ted  t o  a i d  regenera t i on  o f  the data. The r e s u l t s  shown i n  F igu re  16 can 
be seen t o  e x h i b i t  cons iderable s c a t t e r .  It can a l s o  b e  seen t h a t  t h e  r e s u l t s  
obtained f o r  cyc les  ( 2 )  and ( 5 )  a re  n o t  shown. Th is  was because these creep 
curves e x h i b i t e d  excess ive s c a t t e r  and were n o t  thought t o  b e  meaningful.  
l h f o r t u n a t e l y ,  t h i s  was also the case for the creep curves determined f o r  a 
mean stress of 5.16 k s i .  Regardless o f  these data r e d u c t i o n  d i f f i c u l t i e s ,  t h e  
observat ion was t h a t  considerable i n e l a s t i c  s t r a i n i n g  occurred i n  a l l  t h r e e  
thermornechan i c a l  experiments . 
CONCLUSIONS 
The f o l l o w i n g  conclusions were drawn from t h i s  p r e l i m i n a r y  s t u d y  o f  creep 
thresholds and thermomechanical response i n  Haynes 188: 
1. Creep th resho ld  can be determined us ing  the  l a t e s t  e l e c t r o h y d r a u l i c  t e s t  
equipment, p rov ided  t e s t  d u r a t i o n s  a re  s h o r t  and r e l a t i v e l y  l a r g e  
accumulations o f  creep s t r a i n  a re  used i n  d e f i n i n g  the threshold.  
2. S i g n i f i c a n t  creep s t r a i n s  were measured under monotonic l o a d i n g  as s t ress  
l e v e l s  as l o w  as 4 k s i  a t  temperatures p red ic ted  f o r  s o l a r  r e c e i v e r  
se rv i ce .  
3. The ma te r ia l  e x h i b i t e d  creep r a t c h e t t i n g  du r ing  s i rnulatea s e r v i c e  cyc les.  
This r e s u l t  was n o t  p red ic ted  b y  ana lys i s  us ing  c u r r e n t  c o n s t i t u t i v e  
models f o r  Haynes 188. 
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FUTLRE WORK 
An exper imenta l  program w i l l  be i n i t i a t e d  t o  develop an advanced v i s c o p l a s t i c  
c o n s t i t u t i v e  model f o r  Haynes 188. The model w i l l  be  implemented i n  a general  
purpose f i n i t e  element code and t h e  ana lys is  o f  c r i t i c a l  components repeated.  
Fur ther ,  s teps w i l l  be  taken t o  inc lude Haynes 188 i n  e x i s t i n g  research  pro- 
grams aimed a t  develop ing improved damaging model i n g  techniques f o r  a p p l i c a -  
t i o n s  i n v o l v i n g  extended s e r v i c e  a t  e l e v a t e d  temperatures.  
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BENDING S T R A I N  AT 
LOCATION I N D I C A T E D  ( W E )  
S T R A I N  AT LOCATION 
INDICATED ( W E )  
LO AD AVERAGE 
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NOTE: 
NUclBERING WAS I N  THE COUNTERCLOCKWISE SENSE, VIEWED FRW ABOVE, AND LOCATION 1 
CORRESPONDS TO THE FRONT OF THE TEST SYSTEM. 
THE S T R A I N  GAGES WERE LOCATED AT 90' INTERVALS AT THE SPECIMEN'S MIDSECTION.  
TABLE ( 1 )  SPECIMEN BENDING AFTER LOAD T R A I N  ALIGNMENT 
3 24 
THERMO- THERMOCOUPLE NOMINAL TEST TEMPERATURE (OC) 
COUPLE LO CA T I O N  64 7 7 60 871 778 
NUMBER TEST 1 TEST 2 TEST 3 TEST 4 TEST 5 TEST 6 TEST 7 TEST 8 
1 0.25 in. ABOVE 
M I D S  ECT I O N  644 640 75 8 75 7 874 870 774 773 
2 0.25 in.  ABOVE 
MIDSECTION 64 3 64 5 75 7 75 6 86 7 86 8 773 7 70 
3 A T  MIDSECTION 646 649 75 7 759 -- 86 6 781 -- 
4 A T  MIDSECTION 645 648 761 7 60 877 870 777 773 
5 0.25 in.  BELOW 
M I D S  E CT I O N  64 9 643 75 7 -- 879 877 7 80 773 
6 0.25 in. EELOW 
MIDSECTION 64 5 650 75 7 75 9 879 877 778 773 
NOTE: THERMOCOUPLES AT PARTICULAR SPECIMEN LOCATIONS ARE DIAMETRICALLY OPPOSED. 
FURTHER, THERMOCOUPLES 1, 3, AND 5 ARE AL IGNED W I T H  THE SPECIMEN A X I S ,  AS ARE 
THERMOCOUPLES 2, 4, AND 6. 
TABLE ( 2 )  - TEMPERATURE PROFILES OVER 0.5 i n .  SPECIMEN GAGE LENGTHS 
ELEMENT ( W t  % )  
C o  C r  N i  W Fe Cn S i  C La B P S 
SPEC I F  I E D  CHEMICAL COMPOS I T  ION 
21 20 13 s 1.25 0.2 0.05 0.03 0.05 0.02 0.015 
23 24 15 0.5 0.15 0.12 
BAL. t o  t o  t o  m a x .  m a x .  t o  t o  t o  m a x .  rnax. m a x .  
MEASURED CHEMICAL COMPOS I T  ION 
34.2 21.0 23.6 17.5 1.5 0.8 0.4 0.14 600 400 0.6 0.001 
( P P m )  ( P P m )  
TABLE (3)-COMPARISON OF S P E C I F I E D  AND MEASURED CHEMICAL C W I P G S I T I O C i  FOR HAYluES 188 
3 25 
TEMPERATLRE 
I ,., TEST 1 TEST 2 
\ L I  
I N I T I A L  STRESS STRESS INCREMENT I N I T I A L  STRESS* STRESS INCREMENT 
(ksi) (ksi) (ksi ) (ksi) 
649 5 5 30 1 
760 5 5 6 1 
871 2 2 2 1 
*VALUES BASED ON T H E  RESULTS OF THE F I R S T  EXPERIMENT ' 
TABLE ( 4 )  -- SUMMPRY OF STRESS LEVELS USED I N  E S T A B L I S H I N G  CREEP THRESHOLDS 
TEMPERATURE AND STRESS VALUES 
T I M E  
TEMPERATLJR E STRESS ( k s i )  
(MIN. )  ( " 0  TEST (1) TEST ( 2 )  (TEST 3) 
0 6 94 3.22 4.22 8.23 
10.5 778 5.16 6.17 10.16 
51.5 834 7.21 8.25 12.23 
57.0 778 5.32 6.33 10.33 
79.7 778 4.93 5.91 9.91 
91.0 694 3.22 4.22 8.23 
TABLE ( 5 )  -- COMBINATIONS OF TEMPERATURE AND STRESS USED I N  
DEVELOPING I D E A L I Z E D  THERMOMECHANICAL CYCLES 
TEMPERA TLRE CREEP THRESHOLD* 
('C) (ksi)  
649 
7 60 
871 
~- 
30 
11 
4 
*STRESS LEVELS AT WHICH CREEP STRAINS - 5 0 ~ ~  WERE 
ACCWULATED DLRING 90 MINUTE PERIODS 
TABLE ( 6 )  - CREEP THRESHOLDS DETERMINED FOR HAYNES 188 
A T  TEMPERATURES I N  THE RANG€ 649'C TO 871'C 
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DESIGN CONCEPT FOR SPACE STATION SOLAR RECEIVER 
DIAMETER. 6.1 FT: LENGTH, 9.8 FT 
PCPWORKING FLUID TUBE (82) 7 
APERTURE SHIELD 
MULTIFOIL INSULATION 7 
- INLET RANIFOLD 
STRUCTURE 
(ALUMINUM) 
MANIFOLD -’ TUBE SUPPORT 
CD-87-29 194 
Figure 1 
POSSIBLE SOLAR RECEIVER TUBE CONFIGURATION 
_,-CONTAINIENT CANISTER 
==-WELD JOI NT 
RATERIAL-’ 
WORKING FLUID 
CD-87-29197 
Figure 2 
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OVERALL VIEW OF THE CLOSED LOOP, 
ELECTROHYDRAULIC TEST SYSTEM 
METHOD OF SPECIMEN HEATING AND STRAIN MEASUREMENT 
Figure 4 
ORIGINAL P.4GE !$ 
OF POOR QUALITY 
DETAILS OF THE THIN-WALLED TUBULAR SPECIMEN 
ED-87-29398 
Figure 5 
APPROACH ADOPTED IN DETERMINING CREEP THRESHOLDS 
UNDER ISOTHERMAL CONDITIONS 
COMPUTER-CONTROLLED STEPWISE LOADING 
STRESS 
CORRESPONDING STRAIN OUTPUT 
STRAIN 
TIME. M I N  
ED-87-29395 
Figure 6 
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THERMOMECHANICAL CYCLE FOR MEAN STRESS LEVEL OF 10.1 6 ksi 
I e- 
CHART SPEED 
TEMPERATURE H I  STORY STRESS HISTORY 
14 - 850 - 834 
12.23 
TEMPERATURE, 750 STRESS. 
OC KS I 
694 
I I I I I 
0 20 40 60 80 100 0 20 40 60 80 100 
650 
TIME, MIN 
7 
E 
CD-87-29185 
Figure 7 
SHORT-TERM CREEP RESPONSE OF HAYNES-188 DETERMINED 
UNDER THREE LEVELS OF LOADING AT 871 OC 
LOADING 1; IJ = 2.21 KSI, E, = 70 U&, EC = 40 PE 
TIME. MIN 
CD-87-29191 
Figure 8 
3 30 
SHORT-TERM CREEP RESPONSE OF HAYNES-188 DETERMINED 
UNDER FOUR LEVELS OF LOADING AT 871 OC 
CHART SPEED 
DECREASED 
LOADING 4: 0 = 6.20 K S I .  E e =  270 pE, EC = 94 VE 
k M : N P 8 ’  ‘IN -4 
LOADING 3; 0 = 5.13 KSI, E e =  216 pC EC = 74 LIE 
I LOADING 2: (I = 4.14 K S I ,  = 172 pE, EC = 74 pE 
LOADING 1: U = 3.15 K S I .  Ee = 138 pE, E C  = 14 pE 
TIME. M I N  
CD-87-29190 
Figure 9 
TOTAL STRAIN VERSUS TIME HISTORY OBTAINED UNDER 
THERMOMECHANICAL LOADING FOR CYCLE 1 
TOTAL 
STRAIN, 
VE 
3000 
2ooo ’ /2;pN ---\ 
.-) 
TIME. M I N  
Figure 10 
CD-87-29188 
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STRESS-STRAIN RESPONSE OBTAINED UNDER 
THERMOMECHANICAL LOADING FOR CYCLE 1 
NOTE: ACCUMULATED CREEP STRAIN = 440 pE 
13 
12 
11 
STRESS. 
K S I  
10 
9 
- 
12.23n 
10, 10.33 
9.91 
8.23 
0 I I 
0 
0 500 lo00 1500 2000 2500 3000 3500 
TOTAL STRAIN, pE 
CD-87-29187 
Figure 11 
STRESS-STRAIN RESPONSE OBTAINED UNDER 
THERMOMECHANICAL LOADING FOR CYCLE 5 
NOTE: ACCUMULATED CREEP STRAIN = 100 p& 
13 
12 
11 
STRESS, 
KSI 
10 
12.23 
1 
0 500 1000 1500 2000 2500 3000 3500 
TOTAL STRAIN, pE 
C@-87-29186 
Figure 12 
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CREEP RATCHETTING RESULTING FROM THERMOMECHANICAL 
CYCLES FOR 10.16-ksi MEAN STRESS 
STRESS, 
KS I 
13 CYCLE 
0 1  
0 2  
12 A 3  
0 4  
0 0  
V 
0 
0 
I 8 8 8 8  
0 
8 1 
0 200 400 600 800 1000 1200 8 '  
MECHANICAL STRAIN, c(E 
CD-87-29389 
Figure 13 
CREEP RATCHETTING RESULTING FROM THERMOMECHANICAL 
CYCLING FOR 6.17-ksi MEAN STRESS 
STRESS, 
K S I  
MECHANICAL STRAIN, PE 
CD-87-29196 
Figure 14 
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CREEP RESPONSE UNDER THERMOMECHANICAL LOADING 
FOR 10.16-ksi MEAN STRESS 
-*--- 8 
O O  0 
I I I I I I 
0 1 16.72 5.49 0.12 
0 2 9.35 -.04 .11 
A 3 4.74 -.28 .08 
0 5 5.06 .85 .04 CREEP 
STRAIN, 
11E 
-100 0 KJ 5 10 15 20 25 30 35 40 45 
T I E E .  MIN 
CD-87-25192 
Figure 15 
CREEP RESPONSE UNDER THERMOMECHANICAL LOADING 
FOR 6.17-ksi MEAN STRESS 
100 r 0 
EC = A + B t  + Ct2 
75 c CYCLE A B C 
0 1 -5.26 0.83 0.03 
A 3 1.47 .68 .02 
0 4 -8.00 .20 .02 
CREEP 
STRAIN, 
w 
Y' 
A 
T I E E .  HIN 
CD-87-291P3 
Figure 16 
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